The variation of electron spin resonance (ESR) signal intensities and thermoluminescence colour images (TLCIs) of quartz was investigated in the present study for various rocks and sediments in Japan, to discuss the possibilities of identifying the sediment provenance. The ESR signal intensity of the E 1 ' centre in the same grain size in granitic quartz varies from sample to sample, except for that in Quaternary samples of volcanic sediment, which is very low, close to the noise level. It was found that the diagram, ESR intensities of Al versus Ti-Li centre signal intensities, distinguish volcanic from the same grain size in granitic quartz as well as distinguish individual tephra from another. The TLCIs from volcanic quartz and some granitic quartz samples is almost red and that from the rest of granitic and metamudstone quartz is blue as results of TLCIs although the emission intensities are different. Our results suggest that examining the multiple-centre signal intensities of ESR and the TLCIs are effective to identify the source of quartz and to estimate the sediment provenance.
INTRODUCTION
ESR and luminescence dating of quartz is used for geochronology and geoarchaeology during the Quaternary period (Ikeya, 1993; Aitken, 1985 Aitken, , 1998 . Recently another direction of studies for Quaternary earth science has been tested by using ESR or luminescence signals as an indicator of the sediment provenance.
Sediment provenance would give important information on the erosion processes, uplift of the mountains and similar, suggesting the environments at the time of sediment transportation. It is, however, not easy to clarify it if a peculiar rock does not exist in the drainage basin or the sediment is made of fine grains such as sand and silt. As quartz is one of the most abundant minerals on the surface of the Earth and it is resistant to weathering, sediments usually contain a large amount of quartz. The identification of the provenance of quartz grains would enable the estimation of the provenance of sediments.
Some ESR and luminescence studies on sediment provenance have already been reported. Being initiated by Naruse et al. (1997) , the E 1 ' centre in quartz was found to be a useful indicator to investigate the provenance of aeolian dust (e.g. Toyoda and Naruse, 2002) . Nagashima et al. (2007) successfully employed the crystallinity index (CI) in combination with ESR to discriminate two different sources of aeolian dust in the sediment core taken from the Japan Sea. Their work was based on the CI of quartz defined by Murata and Norman (1976) , which is obtained from the degree of resolution of the d (212) reflection of quartz at 1.3820Åon XRD profile. Duttinea et al. (2002) report that quartz of four distinct origins can be distinguished using impurity (Al, Ti-Li, Ti-H, Ge) centres observed after beta irradiation. Shimada and Takada (2008) suggest that the Al, Ti-Li and E 1 ' centre signal intensities from natural quartz are useful to distinguish the sediment provenance. Ganzawa et al. (1997) shows that quartz of aeolian origin transported from China can be distinguished from volcanic quartz originated in Japanese tephra by looking at TL colour of quartz grains based on the observation that volcanic quartz emits stronger red thermoluminescence (TL) than blue one whereas plutonic quartz does vice versa (Hashimoto et al., 1986; .
In this study, we report the variation of ESR signal intensities and thermoluminescence colour images (TLCIs; Hashimoto et al., 1986; Ganzawa et al., 1997) of quartz taken from various rocks and sediments in Japan, to discuss the possibilities of identifying sediment provenance. When the procedure is established, it will be useful to elucidate the provenance of sediments in the geohistorical environments, which may occasionally be related to stream piracy, regional tectonic setting and/or the environment changes of the hinterland.
SAMPLES AND EXPERIMENTS
Quartz grains for ESR measurements and TLCI observations were extracted from the metasediment (1 sample), the granitic rocks (12 samples) and the volcanic sediments (8 samples) of Jurassic to Quaternary (Fig. 1,  Table 1 ) as follows; minerals of crushed rocks and sediments were sieved into 125-250 μm, 250-500 μm, 500 μm -1 mm and 1-2 mm and then treated with hydrogen peroxide, hydrochloric acid, hydrofluoric acid and heavy liquid separation. Thereafter, the samples were aligned by grinding to grain size of 125-250 μm. We used 100 mg of quartz grains for ESR measurement and approximately 10 mg of quartz grains for TLCI measurement, respectively. All samples were irradiated by gamma ray to a dose of 2.5 kGy.
ESR spectra were recorded with an ESR spectrometer (TE-100, FA200; X-band JEOL RESONANCE Inc.), operating amplitude of field modulation 0.1 mT at 100 kHz. The ESR signals of the E 1 ' centre is observed using a microwave power of 0.01 mW at room temperature (Fig. 2a) . The signal of the E 1 ' centre were measured after heating the sample at 270°C for 15 minutes (the heat treated E 1 ' centre), which corresponds to the number of oxygen vacancies (Shimada and Takada, 2008) . The E 1 ' centre signal intensity of quartz is proportional to the age with higher value for quartz from older source rocks (Toyoda and Hattori, 2000; Toyoda and Naruse, 2002) , reflecting the amount of the oxygen vacancies with an unpaired electron in a single silicon sp 3 orbit (Feigl et al., 1974) . Therefore it can be used to estimate the relative number of oxygen vacancies in quartz formed by natural radiation since its crystallization. The ESR signal of the Al centre (an electronic hole trapped at the bond between oxygen and Al which replaces Si) and Ti-Li centre (an electron trapped at Ti which replaces Si, with accompanying Li ion) in quartz was measured with a microwave power of 5 mW at 77 K (Fig. 2b) using a finger dewar. We selected the relative height from the top of the first peak to the 16 th peak of the main hyperfine structures as the Al centre intensity (Yokoyama et al. 1985; Toyoda and Falguères, 2003) and the one from the baseline to the peak at g = 1.913 as the Ti-Li centre intensity . Measurements for the each centre signal intensity were performed five times and the average and the standard deviation were calculated. Quartz samples were constantly measured with the same standard of MnO marker. For the normalization and sensitivity correction, the average ESR intensity was divided by the weight of the sample and by the MnO marker signal intensity.
The TLCIs were taken with a digital camera within the temperature range 200-400 degree Celsius at a heating rate of 30 degree Celsius/s. No.7, 8 No. 2, 5, 6 No.1 No.10, 19 No.11, 12, 13 No.9, 16 No.20, 21 No.14, 17, 18 No.4 
RESULT AND DISSCUSION
Difference among the ESR signal intensities due to the provenance of the sample Fig. 3 shows a plot of the Al versus the Ti-Li centre signal intensities observed in quartz of the samples. Table 1 ) shows the highest intensity among all the samples (No.8 in Fig. 3) . The points for volcanic rocks and tephra tend to be plotted in upper parts while those for granitic rocks tend to be in lower right (Fig. 3) . The E 1 ' centre signal from quartz grains included in Hira granite (No.14 in Table 1 ) shows the highest intensity among all the samples (No.14 in Fig.  3 ). The Quaternary sample of volcanic sediment (No. 3, 4, 6, 7 and 8 in Fig. 4) show similar low intensities close to the noise level, being difficult to distinguish one from another. The similar result was reported by using Quaternary samples of volcanic rocks from Kozu Island in Tokyo, Japan (Shimada and Takada, 2008) . Though Shigaraki granite A and B (No.12 and 13 in Table 1 ) are the same granitic body, sampling point is different. These Al and Ti-Li centre signals intensities are different. Moreover both of the E 1 ' one is the similar (No.12 and 13 in Fig. 3) . Hakkoda 1 st -stage pyroclastic flow deposits and Hakkoda 1 st -stage pyroclastic fall pumice deposits (No.7 and 8 in Table 1 ) are taken from the same sampling site. The Al and Ti-Li centre signals from quartz grains included in those volcanic materials are different from on another whereas the E 1 ' ones are the similar (No.7 and 8 in Fig. 3) .
Difference among the ESR signal intensities due to grain size of the sample
The ESR signal intensity of quartz sometimes has a large standard deviation (No.19 and 20 in Fig. 3) . The ESR signal intensities of samples are different according to the grain size (e.g. No.11, 12, 17 and 18 in Fig. 3 and Fig. 3 and Fig. 4) . ESR signal intensities of Metamudstone with sandstone (No.9 in Table 1 ) are consistent within the range of error for 2 grain sizes (No.21 in Fig. 3 and Fig. 4) . The Quaternary sample of volcanic sediment (No. 3, 4, 6, 7 and 8 in Fig.  4) show similar low intensities close to the noise level, being difficult to distinguish one from another. It indicates that we can identify more clearly the source of same grain size in quartz of samples using both the E 1 ' centre signal intensities and the diagram of the Al versus Ti-Li centre signal intensities.
Therefore, it indicates that we should use the multiple indexes of the ESR signal intensities for estimating detailed sediment provenance.
TLCI
TLCIs of the samples show different emission colours (Fig. 5) . The emission colour of TL from Quaternary and Neogene samples of volcanic sediment (No.1-9 in Fig. 5 ) and some samples of granitic rock (No. 10 and 14 in Fig.  5 ) are almost red on the TLCIs though the emission intensities were different. The emission colour of TL from the rest of granitic rocks and metamudstone quartz were blue on the TLCIs though the emission intensities were different (11) (12) (13) 16, (17) (18) (19) (20) (21) in Fig. 5) . The TL from the quartz included in Muro pyroclastic flow deposits and Koujyaku granite (No.9 and 10 in Table 1) shows almost red with a few blue colours (No. 9 and 10 in Fig.  5 ). The quartz of Suzuka granite (No.15 in Table 1) shows mixed red and blue TL on the TLCI (No. 15 in Fig. 5 ).
Multiple ESR centre signal approach and TLCIs to identify the source of quartz As mentioned before, the ESR signal intensity of the E 1 ' centre in the granitic quartz varies sample to sample, except for that in Quaternary tephra samples, which is so low close to the noise level. It was found that the diagram, ESR intensities of Al versus Ti-Li centre signal intensities, distinguish volcanic from the same grain size in granitic quartz as well as distinguish individual tephra from another. The data plotted in Figs. 3 and 4 show distinct distributions, raising possibility that the source of quartz could be identified in greater detail if we combine measurements of the Al and Ti-Li centre signals of the same grain size in quartz grains with those of the E 1 ' centre signal. They also suggest that we should consider the grain size to identify the source of quartz using the ESR signal intensity. This "multiple-centre signal approach" of ESR measurement should be further studied for estimating detailed sediment provenance at the drainage scale.
The emission colour of TL from volcanic quartz and some granitic quartz samples is almost red and that from the rest of granitic and metamudstone quartz is blue as results of TLCI although the emission intensities are different. The red emission of TLCIs in granitic rocks was different from the results of Hashimoto et al. (1997) and Ganzawa et al. (1997) . It is suggested that those colour emission of TL are related to Al impurities (e.g. Yawata et al., 2006) or Europium ion (e.g. Ohta et al., 1992) . It indicates that the TLCIs are also effective to identify the source of quartz and estimate sediments provenance. These findings raise the possibility of identifying details of sediment provenance from the combination of the multiple ESR centre signal approach and TLCIs. Sawakuchi et al. (2011) suggests that the temperature of crystallization and the number of cycles of burial and solar exposure may be the main natural factors controlling the optically stimulated luminescence (OSL) sensitivity of quartz grains. It also suggests that the increase in OSL sensitivity due to cycles of erosion and deposition surpasses the sensitivity inherited from the source rock, with this increase being mainly related to the sensitization of fast OSL components. In addition to the multiple ESR centre signal approach and TLCIs, using OSL signal for grains from the same sedimentary unit may enable an assessment of detailed sediment provenance at the drainage scale. 
CONCLUSION
The E 1 ' centre signal intensity of the same grain size in granitic quartz is mostly different from each other, but that of the Quaternary samples of volcanic sediment shows similar low intensity close to the amplitude of noise on the baseline, being difficult to distinguish each other (Fig. 4) . However on the ESR diagram of the Al versus the Ti-Li centre signal intensities we can roughly distinguish Quaternary samples of volcanic sediment from the same grain size in granitic one and identify the peculiar domain of each sample (Fig. 3) . Therefore, it is necessary that the same grain size in samples is confirmed distribution trend of ESR signal intensity.
The TLCIs from Quaternary and Neogene samples of volcanic sediment (No.1-9 in Fig. 5 ) and some granitic quartz samples (No. 10 and 14 in Fig. 5 ) is almost red and that from the rest of granitic and metamudstone quartz is blue on the TLCIs though the emission intensities is different (11) (12) (13) 16, (17) (18) (19) (20) (21) in Fig. 5) . The TL from the quartz included in Muro pyroclastic flow deposits and Koujyaku granite (No.9 and 10 in Table 1) shows almost red with a few blue colours (No. 9 and 10 in Fig. 5 ). The quartz of Suzuka granite (No.15 in Table 1 ) shows mixed red and blue TL on the TLCI (No. 15 in Fig. 5) .
Our results suggest that the detection of the multicentre signal intensities of ESR and the TLCIs are effective to identify the source of quartz and estimate sediments provenance. 
